A survey for N-nitrosodimethylamine (NDMA) and seven other nitrosamines in six UK drinking water supply systems was conducted. At the time of the study, there was no NDMA data for UK drinking waters, and the study remains one of few globally to report concentrations of the other seven nitrosamines in water supply systems. Five of the six water supply systems were selected as probable to have elevated nitrosamine concentrations because of the known source water characteristics and/or treatment practices; the sixth supply system had none of the suspected risk factors and was included as a control case. Sampling was conducted in five intervals and included samples collected from the source water, post-filter, post-disinfection and the distribution system. NDMA was measured barely above the method detection limit (0.9 ng l 21 ) in a few isolated samples in one distribution system; however, otherwise the majority of samples contained no detectable NDMA or other nitrosamines. An exception was that N-nitrosodibutylamine (NDBA) was consistently detected in one distribution system, up to a maximum concentration of 6.4 ng l
INTRODUCTION
Disinfection by-products (DBPs) are formed by the reaction of chemical disinfectants (e.g. chlorine) with organic precursor compounds (e.g. natural organic matter). Currently only one class of chlorination DBPs, the trihalomethanes (THMs), must be monitored by UK water companies, with a minimum of four samples collected per water zone per year and the current regulated limit for total THMs in tap water set at 100 mg l 21 . Another class of DBPs in drinking water for which there is currently very limited occurrence data globally and in the UK specifically are the nitrosamines. Nitrosamines have been shown to have much higher cancer potencies than the currently regulated drinking water DBPs (Mitch et al. 2003) . Due to the demonstrated genotoxic carcinogenicity of NDMA even at very low levels (parts per trillion), regulators have introduced preliminary treatment goals for NDMA and are currently collecting data to set appropriate regulations.
In the USA, the state of California has set an action level risk level from NDMA in drinking water at 0.7 ng l 21 but
has not yet established a drinking water maximum contaminant level (USEPA 1997) . In Canada, the province of Ontario has set an interim maximum acceptable concentration for NDMA at 9 ng l 21 (Ontario MOE 2000) .
At the beginning of this study, there was virtually no information on the occurrence of NDMA or any other nitrosamines in UK drinking waters.
Furthermore, very few studies to date have investigated the occurrence of other nitrosamines besides NDMA, and no regulatory limits or guidelines have been proposed for many of these compounds, despite the fact that other nitrosamines are believed to be of comparable carcinogenicity to NDMA (Ljinsky 1994) . Seven nitrosamines (including NDMA) are listed on the USEPA Screen Survey List 2 of unregulated contaminants for which data collection and monitoring is a priority: N-nitrosodimethylamine
N-nitroso-di-n-butylamine (NDBA), N-nitrosopyrrolidine (NPYR), and N-nitrosopiperidine (NPIP) (USEPA 2005).
Results from two studies have suggested that the concentrations of the other nitrosamines in drinking water are typically lower than NDMA levels, although the reasons for this are unclear (Charrois et al. 2004; Valentine et al. 2004 ).
Certain drinking water treatment processes have been shown to be more likely to form NDMA. Disinfection with monochloramine is generally shown to form higher levels of NDMA than disinfecting with free chlorine, for a given water matrix (Mitch et al. 2003; Valentine et al. 2004) . Also, the chlorination of waters that have been coagulated with amine-based coagulants (e.g. poly-DADMAC) can form NDMA (Kohut & Andrews 2003; Wilczak et al. 2003 ) and the use of certain cation exchange resins may produce dimethylamine (DMA), which is an NDMA precursor (Najm & Trussell 2001) . However, more data and understanding is needed regarding the relative effect of treatment processes and distribution on the formation and occurrence of NDMA and other nitrosamines.
RESEARCH OBJECTIVES
The primary objective of this study was to select six Table 1 .
Standard methods for the analysis of these water quality parameters were followed (Standard Methods 2005).
Historical water quality data from the water company partners was also collected and was used to inform the site selection process at the beginning of the project.
The treatment processes applied by each water supply system (WSS) are summarised in Table 2 , including a description of the risk factors that were suspected to favour nitrosamine formation in each system. WSS F had none of the risk factors and was included as a control site.
Analytical methods
All nitrosamines were analysed using a solid phase extraction, isotope dilution gas chromatography mass spectrometry method similar to the method described by Taguchi et al. (1994) . Briefly, 0.5 l of water sample was extracted with 125 mg of carbonaceous polymeric beads (Ambersorb 483, Aldrich) by shaking for one hour at 200 rpm. The Ambersorb beads were then vacuum-filtered onto a glass fibre filter. After air drying for 30 minutes, the beads were transferred to a 2-ml amber vial fused with a 400 ml glass insert. Methylene chloride (250 ml) was added to extract the adsorbate. A 5 ml aliquot of methylene chloride extract was injected into a Perkin-Elmer Clarus-500 GC/MS equipped with a programmable large-volume injector and a DB1701 capillary column. for NPYR, and 2.1 ng l 21 for NMEA, which were deemed to be acceptable for the purposes of this survey. Table 3 ). The reason for the abnormally elevated measurements during the February 2008 sampling round compared with subsequent rounds is not known for certain; however, the fact that the nitrosamine levels in the first round were higher for all WSSs, including the control site (WSS F), and that nitrosamines were detected even in the raw water samples, suggests a consistent analytical instrument bias during that sampling round. Therefore, the data for the February 2008 sampling round, while included here for completeness, should be regarded with scepticism.
Neglecting the questionable nitrosamine detections in the first sampling round, NDMA was then detected above the MDL at only one of the six water supply systems in the subsequent four sampling rounds. This NDMA detection was at WSS E at the sampling point at the furthest point of the distribution system, in both September and December 2008, at 1.0 ng l 21 (Table 3) . No NDMA or other nitrosamines were detected at WSS F, the control site, as anticipated.
A surprising finding was that N-nitrosodibutylamine (NDBA) was consistently detected above the MDL in the distribution system of WSS B (Table 4) . To our knowledge, (often 30 minutes) rather than chloraminating in one step.
Also, the disinfectant concentrations in North America (e.g. up to 4.0 mg l 21 for chloramines) are often higher than those typically applied in the UK (e.g. 0.5 mg l 21 for chloramines).
The fact that none of the source waters of the water supply systems included in this study is directly impacted by wastewater effluents may also have been a factor; it has been shown that wastewater effluents can be significant contributors to NDMA occurrence in downstream water treatment works (Krasner et al. 2008) .
Given that this study examined nitrosamine levels in water supply systems that were suspected to have higher than normal nitrosamine levels, the overall results suggest that the levels of nitrosamines in most other UK water supply systems that are not directly impacted by wastewater effluents are unlikely to exceed the action levels for NDMA that are recommended by various regulatory agencies (e.g. (Dillon et al. 2008) ; NDMA detections in that study were attributed to a direct source of NDMA contamination coming from a ferric-based coagulant solution that was common to the treatment practice at the affected sites. Therefore, the results of Dillon et al. (2008) support the very low and rare NDMA occurrence that was observed at the water supply systems in this study.
CONCLUSIONS
NDMA was measured barely above the method detection limit (0.9 ng l 21 ) at one of the six WSSs (WSS E); however, otherwise the vast majority of samples from the six UK water supply systems contained no detectable nitrosamines.
An exception was NDBA, which was consistently detected in distribution in one of the water supply systems (WSS B), up to a maximum concentration of 6.4 ng l 21 . There were no identifiable relationships to link source water quality characteristics or the particular treatment or distribution practices with the observed nitrosamine concentrations (or lack thereof). Overall, and taken into consideration alongside the findings of a broader UK survey for NDMA (Dillon et al. 2008) , the results of this study suggest that nitrosamines are usually not expected to be present at concentrations exceeding the wholesomeness limit of 10 ng l 21 for NDMA as set by the regulator for England and Wales (DWI 2008) , with the possible exception of source waters that are directly impacted by wastewater effluents, which was not included in this study.
